The endosymbiotic bacterium Wolbachia is a promising tool for controlling arboviral diseases 12 transmitted by the mosquito Aedes aegypti, and can spread unassisted through wild mosquito 13 populations following local introductions. Recent Wolbachia introductions into Ae. aegypti 14 populations in Cairns, Australia have produced a slower than anticipated spread that could be due to: 15 i) barriers to Ae. aegypti dispersal; ii) dispersal being leptokurtically biased towards long distances in 16 adults; and iii) non-perfect transmission of Wolbachia from mother to offspring. We investigated 17 these three potential causes using double-digest RAD-sequencing and Wolbachia screening in 161 18
Introduction

29
The mosquito Aedes aegypti (Diptera, Culicinae) is the primary vector of arboviral diseases 30 such as Dengue, Zika and Chikungunya fever that pose an increasing burden to human health 31 worldwide (Weaver and 2015a; 2015b) as well as within cities (Rašić et al., 2015a; 2015b) , and have power superior to 77 microsatellites when inferring relationships between Ae. aegypti individuals and populations (Rašić et 78 al., 2014a) . 79
Dispersal of Ae. aegypti by flight is generally thought to be limited to short distances, and 80 highways have been proposed as likely barriers to Ae. aegypti's dispersal. For example, patches 81 separated by a 120 m-wide highway in Trinidad were found to have different frequencies of 82 mitochondrial haplotypes (Hemme et al., 2010) . A Mark-Release-Recapture (MRR) study in Cairns with 83 releases centred next to a ≈ 20m-wide road recorded lower recapture rates at sites across the road 84 (Russell et al., 2005) . Indirect inference of an inhibitive effect of highways on dispersal was made from 85 the observed dynamics of Wolbachia invasions in the vicinity of highways. Namely, Wolbachia failed 86 to invade a region across a highway in Gordonvale, Queensland after several years (Turelli and Barton, 87 2016), and similar dynamics were recently observed in urban Cairns (Schmidt et al., 2017) . Here we 88 explicitly tested the hypothesis that Ae. aegypti's genetic structure in Cairns is affected by highways 89 acting as barriers to dispersal. This was tested against the alternative hypotheses of isolation-by-90 distance (IBD; Wright, 1943 ) and a pattern of patchy and asynchronous releases of Wolbachia-infected 91 mosquitoes in the region. 92
were established based on geographic location, location of highways, and the release history of wMel. 124 Each of these had three possible assignments: the locational groupings of Cairns North [CNW, CNE], 125 2010), we limited the number of samples per ovitrap to three individuals. This ensured that, after 148 removing closely related individuals, we retained a large enough sample for a powerful analysis of 149 genetic structure. 150
151
SNP discovery 152
Double-digest RADseq library preparation 153
We applied the method of Rašić et al., (2014a) for our double-digest RAD-seq (ddRAD-seq) library 154 preparation, but selected a smaller size range (350-450 bp) of genomic fragments to accommodate a 155 larger number of mosquitoes per library. An initial digestion of 100 ng of genomic DNA from each 156 individual was performed in a 40 µL reaction, using 10 units each of NlaIII and MluCI restriction 157 enzymes (New England Biolabs, Beverly MA, USA), NEB CutSmart® buffer, and water. Digestions were 158 run for 3 hours at 37°C with no heat kill step, and the products were cleaned with 60 µL Ampure XP™ 159 paramagnetic beads (Beckman Coulter, Brea, CA). These were ligated to modified Illumina P1 and P2 160 adapters overnight at 16°C with 1000 units of T4 ligase (New England Biolabs, Beverly, MA, USA), 161 before undergoing heat-deactivation at 65°C for 10 minutes. 162
Size selection of fragments was performed using a Pippin-Prep 2% gel cassette (Sage Sciences, 163
Beverly, MA). Final libraries were created by pooling eight 10 μL PCR reactions per library, each 164 consisting of 1 μL size-selected DNA, 5μL of Phusion High Fidelity 2× Master mix (New England Biolabs,
Sequence data processing 171
Raw fastq sequences were processed within a customized pipeline (Rašić et al., 2014a) , with reads 172 filtered based on a minimum phred score of 13 and trimmed to the same length of 90 bp. High-quality 173 reads were aligned sequentially to the Ae. aegypti reference nuclear genome AaegL1 (Nene et (Fig 1) , and from this assigned them a score of 195 [0, 1, 2] respectively, so that the distance between two individuals' scores represented the number of 196 highways between them; we called this variable "Highways". We approached H₂ similarly, but with the 197 distances representing the time since Wolbachia releases were commenced in the area (Fig 1) . The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/103598 doi: bioRxiv preprint first posted online Jan. 27, 2017;
All remaining model procedures were performed in the package VEGAN (Oksanen et al., 2007) . 217
The dbRDA models were built using the function capscale. For all models, we applied the effects of the 218 conditional matrix described above, and assessed the significance of "Highways" and "Releases". We 219 built three models: one implementing both predictor variables and the other two implementing each 220 variable in isolation. We assessed the statistical significance of predictor variables with the function 221 anova.cca, using 99999 permutations to test for the marginal significance of each term after 222 accounting for the effects of the others. The entire procedure was then repeated with the binary 223 variable representing Wolbachia infection status removed from the conditional matrix and used as a 224 predictor variable alongside "Highways" and "Releases". While constructing models, we calculated 225 variance-inflation factors (VIF) to check for multicollinearity between predictor variables, using the 226 function vif.cca. All VIFs were < 1.1, so none were rejected. 227
We tested the sensitivity of the variables used to investigate H₁ and H₂ by performing 228 additional dbRDAs that followed the above procedure but with modifications made to "Highways" and 229 The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/103598 doi: bioRxiv preprint first posted online Jan. 27, 2017; the function mantel in the R package VEGAN showed slight correlation between geographical and 241 genetic distances (r = 0.047, P < 0.05), and high correlations between geographical distance and both 242 "Highways" (r = 0.424, P < 0.001) and "Releases" (r = 0.305, P < 0.001). When genetic structure exhibits 243 IBD, spatial dependence of barrier variables and inadequately extensive sampling can lead to 244 significance being observed when no barrier effect exists (Kierepka and Latch, 2015b) . Therefore, in 245 order to confirm any significance observed among variables in dbRDA, further analyses were required 246 to eliminate IBD as a cause of genetic structure. 247
We adapted the method of Kierepka and Latch (2015b) to evaluate whether the spatial 248 distribution of our traps relative to barriers would lead to a high risk of Type I error. We used CD-POP 249 to simulate the field site without any highways, Wolbachia infections, or mosquito release histories, 250 thus creating an artificial environment in which only IBD could explain the pattern of structuring. We 251 designated 1000 locations as the positions of individual mosquitoes, which included the locations of 252 the 100 individuals used in dbRDA and 900 new locations placed at random throughout our field site. 253
We used parameters coding for high recruitment and high mortality, and negative exponential 254 dispersal approximating a leptokurtic dispersal kernel with no maximum limit to dispersal, but where 255 dispersal over 300 m was relatively rare. Dispersal was unbiased by sex, given that Ae. aegypti males 256 generally disperse more readily early in their lives, and females tend to travel greater distances over 257 their lifetimes (Sheppard et al., 1969; McDonald, 1977) . The CD-POP input file listing all relevant 258 parameters is supplied in Supplementary Information A. 259
We allowed CD-POP to generate genotypes for each individual. As this process sets initial allele 260 frequencies so that populations are initially at maximum genetic diversity, we used fewer loci than the 261 3,784 in our data set so that the real and simulated data would have similar numbers of effective 262 alleles. Effective allele counts have been found to correspond well with analytical power across 263 different types of genetic data (Wang, 2006; Hauser et al., 2011) . We used the method of Kimura and 264 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/103598 doi: bioRxiv preprint first posted online Jan. 27, 2017;
Crow (1964) to calculate the number of effective alleles in our 3,784 loci set, which gave 5,618 effective 265 alleles, corresponding to 2,809 biallelic loci at maximum diversity. 266
We constructed 100 simulations and ran each for 80 discrete generations, after which we 267 sampled the genotypes of the mosquitoes now present at the original 100 locations. The number of 268 generations was chosen iteratively, to achieve similar values of the Mantel correlation coefficient in 269 the simulated and empirical datasets (rsimulated, x ̅ = 0.082, σ = 0.022, all P < 0.05; rempirical = 0.047, P < 270 0.05). For each sample we constructed new dbRDA models with the same parameters as the observed 271 data, and calculated the marginal significance of "Highways" and "Releases" with ANOVAs. We 272 considered that more than 5 of the 100 simulated samples showed significance for a variable is an 273 indication of an elevated risk of Type I error. sectional study design provided a period for sampling (7 days) shorter than that required for mosquito 284 development (> 14 days; Christophers, 1960), we assumed that related individuals were of the same 285 generation, and thus pairs with first degree levels of relatedness were considered to be full-siblings 286 and those with second degree relatedness were considered half-siblings. 287
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The estimated pairwise kinship k > 0.1875 represented putative full-siblings, and 0.1875 > k > 288 0.09375 represented putative half-siblings, with each pair being assigned the most likely kinship 289 category (Iacchei et al., 2013) . We considered half-siblings to be paternal because polyandry is much 290 rarer than polygyny in wild Ae. aegypti (Richardson et al., 2015) . Therefore, we assumed full-siblings 291 to come from the same matrilineage, and half-siblings from different matrilineages. 292
As our investigations of long-distance mosquito movement and Wolbachia loss both require 293 precise assignment to kinship categories, we also used the program ML-Relate (Kalinowski et al., 2006) 294 to run specific hypothesis tests of putative relationships. These were run for all pairs of putative full-295 siblings with different infection statuses, and for all individual pairs with k > 0.09375 collected across 296 different ovitraps. For each pair we ran one standard test that estimated the relationship assuming 297 that the kinship category assigned using k was more likely than the next most likely kinship category, 298
followed by a conservative test that assumed that the kinship category assigned using k was less likely 299 to be correct. All tests were run using 10,000,000 simulations. 300
We estimated the distance of separation between full-siblings as an indication of female 301 movement range. Full-siblings found within a single ovitrap would likely be from the same gonotrophic 302 cycle, while those further apart would likely be from one or two gonotrophic cycles. The distance of 303 separation between half-siblings is more difficult to characterise, but could reflect the total movement 304 of the male and two females involved. Although passive dispersal of mosquitoes by humans is usually 305 thought to occur at the egg rather than adult stage, we could not rule out human interference in the 306 dispersal of adults. Importantly, the distinction between active and passive adult dispersal is irrelevant 307 for the purpose of our study, given that both types contribute to a Wolbachia invasion. Our measure 308 of flight range is therefore a composite of active mosquito flight and potential passive movement, and 309 is more informative for understanding the Wolbachia invasion success than active dispersal alone. 310
311
Wolbachia infection screening 312
Mosquitoes were screened for Wolbachia using the protocol of Lee et al. (2012) 
than twice the magnitude of their minimum titre. In comparison, the lowest-scoring replicate from the 336 individual with the highest mean titre had a titre 86.8 times larger than the highest-scoring replicate 337 from the infected individual with the lowest mean titre. Considering the relative consistency of titres 338 across replicates, we used the mean of the three scores to attain final estimates of Wolbachia titre for 339 each individual. 340
From our Wolbachia-infection screening and relatedness analysis, we identified wMel-infected 341 matrilineages as being any group of full-siblings containing at least one individual infected with 342
Wolbachia. An uninfected individual within an infected matrilineage was considered to have either 343 failed to inherit the infection from its mother or to have lost it during development. We estimated the 344 rate of infection loss per generation (µ) by comparing the number of these individuals with the total 345 number of full-siblings from infected matrilineages. 346
347
Results
348
Barriers to dispersal 349 the models did not change this observation. This suggests that the effect of "Highways" observed in 358 the real data is unlikely a Type I error caused by sampling bias or residual autocorrelation. 
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Estimates of Long-distance movement 382
We detected 31 putative full-sibling groups that contained 43 full-sibling pairs, 41 of which were found 383 within single ovitraps. Two pairs were spread between different plots (Fig 2) : one was split between 384 CNW and CNE (239 m separation, k = 0.203); the other between CNW and PPS (1312 m, k = 0.235). 385
Standard maximum-likelihood simulations gave strong support to both pairs being full-siblings (both P 386 < 0.0001). However, conservative simulations were unable to reject the hypotheses that either pair 387 represented half-siblings (P < 0.0001 and P < 0.02 respectively), but rejected them as unrelated (both 388 P = 1). 389
Eight of the 27 putative half-sibling pairs (0.0989 ≤ k ≤ 0.187) were found across multiple traps 390 (47 -560 m separation), though none of these were located in different plots. There was a gap in k 391 scores (∆k = 8.6%) between the most closely related half-siblings (k = 0.187) and the most distantly 392 related full-siblings (k = 0.203), indicating that the cut-off point in relatedness between full-siblings and 393 half-siblings (k = 0.1875) is valid. This 8.6% difference between the two categories is much greater than 394 the difference between the top two half-sibling pairs (∆k = 0.9%) and the bottom two full-sibling pairs 395 (∆k = 2.9%). However, conservative maximum-likelihood simulations could not assign these pairs 396 exclusively to one or the other kinship category. Of the eight putative half-sib pairs found in different 397 were infected; and the remaining plots had a mixture of infection rates (Fig 1) . All individuals caught 405 in the 2013 Gordonvale sample were infected with wMel. Wolbachia titre scores in Gordonvale (x ̅ = 406 18.4, σ = 10.8) were almost three times higher than those of Cairns (x ̅ = 6.6, σ = 3.8; t-test with unequal 407 variances, P < 0.001), but were also three times as variable (Fig S1) . One infected mosquito from 408
Gordonvale had a titre of just one gene copy for every three Aedes gene copies, while the lowest titre 409 in Cairns was more than three times this amount. The highest titre in Gordonvale was 56 Wolbachia 410 gene copies for each Aedes gene copy, more than double the highest recorded in Cairns (Fig S1) . 411
We detected 10 full-sibling groups from the Wolbachia-infected matrilineages (containing 21 412 individuals) and 21 full-sibling groups from uninfected matrilineages. Importantly, we recorded a single 413 case of infection loss in CNW. The sample from this matrilineage consisted of a pair of putative full-414 siblings (k = 0.376), one of which carried the infection (titre = 6.15) and one of which did not. Maximum 415 likelihood simulation provided strong support for the hypothesis that this pair represented full-siblings 416 (P < 0.0001) and subsequently rejected the hypotheses that they were either half-siblings or unrelated 417 (both P = 1). We calculated a tentative probability of infection loss among offspring within infected 418 matrilineages, giving a likelihood of loss of one in 21 (µ = 0.048), although the 95% binomial confidence 419 intervals around this estimate were very wide (0.001, 0.238). 420
421
Discussion
422
Our study produced three main findings: i) highways exert a small but significant influence on Ae. Highways and an increased frequency of re-entering vehicles in commercial areas, the two highways 475 and suggest that this method provides an alternative to MRR for studying dispersal. 491 study were eclosed from eggs that had spent days in the field before collection, potentially exposing 500 them to stressors such as high heat fluctuations, which have been observed to affect wMel 501 transmission in laboratory populations (Ross et al., 2017) . 502
Another line of evidence in support of the influence of the rearing conditions on Wolbachia 503 titres comes from the considerable disparity in Wolbachia titre between Cairns and Gordonvale 504 samples. Namely, the Gordonvale sample had titres that were both higher on average and more 505 variable than the Cairns sample. The Gordonvale sample was collected from BG-Sentinel traps and 506 consisted of field-raised adults of variable age and physiological state (Williams et al., 2006) . In 507 contrast, the Cairns sample was collected from ovitraps, where mosquitoes eclosed in the laboratory 508 and were stored within a day of eclosion as virgin adults. The inclusion of blood-fed females in the 509
Gordonvale sample may partially explain the occurrence of very high titres, as wMel titres within Ae. 510 aegypti are known to double in blood-fed individuals (Frentiu et al., 2014) , which approximates the 511 difference between the maximum titres from Gordonvale and Cairns. The very low titres recorded for 512 some Gordonvale individuals, on the other hand, might result from high temperature fluctuations 513 during development in the field (Ross et al., 2017) , or from a reduction in titre with age, which has 514 been recorded for wAlbA in Ae. albopictus males (Tortosa et al., 2010) . 515
The wMel strain successfully invaded Ae. aegypti populations in Gordonvale and Yorkey's 516 Knob, two quasi-isolated release sites near Cairns, in 2011 (Hoffmann et al., 2011) and these areas 517 have maintained infection rates close to 95% for years without reaching fixation (Hoffmann et al., 518 Conclusions 525
Our study has provided empirical evidence for the processes predicted to slow down the spread of 526 wMel in Ae. aegypti, using a landscape genomics analytical framework and molecular assays of 527
Wolbachia infection. This approach could be extended to other host/Wolbachia systems that are 528 increasingly considered for the biocontrol of disease vectors and pests. Non-perfect maternal 529 transmission of wMel in Ae. aegypti may not occur in other Wolbachia strains such as wAlbB, whose 530 density shows greater constancy under fluctuating high temperatures (Ross et al., 2017) . Also, it is as 531 yet unclear whether the observed transmission failure of wMel occurs at a high enough frequency to 532 affect invasion dynamics, and a more extensive field test of transmission fidelity will be necessary to 533
derive an accurate estimate of μ. On the other hand, regardless of the Wolbachia strain deployed, 534 presence of barriers like highways and leptokurtic dispersal are potential problems for any Wolbachia 535 invasion strategy requiring spatial spread (Turelli and Barton, 2016) . 536 537 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/103598 doi: bioRxiv preprint first posted online Jan. 27, 2017;
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